INTRODUCTION
============

Recent advances in functional genomics have led to the discovery of a new type of regulatory genes, i.e. long non-coding RNAs (lncRNAs), which are \>200 bases in length. Although they are less well characterized compared with small non-coding microRNAs ([@gkt182-B1; @gkt182-B2; @gkt182-B3; @gkt182-B4; @gkt182-B5]), increasing evidence suggests that lncRNAs could play a critical role in regulation of diverse cellular processes such as stem cell pluripotency, development, cell growth and apoptosis and cancer metastasis ([@gkt182-B6; @gkt182-B7; @gkt182-B8; @gkt182-B9; @gkt182-B10; @gkt182-B11; @gkt182-B12; @gkt182-B13]). In this regard, lncRNAs may function (i) as signals for transcription; (ii) as decoys to titrate transcription factors; (iii) as guides so that chromatin-modifying enzymes can be recruited to target genes; and (iv) as scaffolds to bring together multiple proteins to form ribonucleoprotein complexes ([@gkt182-B14],[@gkt182-B15]). An additional function may include serving as a 'sponge' to titrate microRNAs ([@gkt182-B16]).

Accordingly, lncRNAs may function as oncogenes and tumor suppressors in cancer just like protein-coding genes and microRNAs. For example, HOTAIR is one of the first identified lncRNAs and plays a critical role in cancer through epigenetic regulation mechanisms. HOTAIR is a 2.2 kb gene in the HOXC locus, which, however, can repress transcription in trans of HOXD genes. This repressive action is mediated by the interaction of HOTAIR with the Polycomb Repressive Complex 2 ([@gkt182-B17]). Furthermore, HOTAIR is remarkably overexpressed in breast tumors, and the expression of HOTAIR in primary breast tumors is a strong prognosis marker of patient outcomes such as metastasis and patient survival ([@gkt182-B6]).

Loc285194, also called LSAMP antisense RNA 3, is an lncRNA consisting of 4 exons with \>2 kbs in length (Gene ID: 285194) and is located at osteo3q13.31 ([@gkt182-B18]). As the osteo3q13.31 locus harbors frequent focal copy number alterations (CNAs) and loss of heterozygosity in primary osteosarcoma samples, it implies that loc285194 may function as a potential tumor suppressor. Furthermore, the tumor suppression function of loc285194 was also suggested by knockdown experiments, which showed an increased cell proliferation ([@gkt182-B18]). However, little is known as to how loc285194 is regulated in cancer cells; moreover, the underlying mechanism of loc285194 as a tumor suppressor is elusive.

In the present study, we show that loc285194 is a direct transcription target of p53 through interaction with the putative p53 response element in the upstream region of loc285194. Moreover, loc285194 suppresses cell growth both *in vitro* and *in vivo*; consistently, loc285194 is downregulated in colon tumor specimens. Finally, we demonstrate that loc285194 negatively regulates miR-211, which may in part account for loc285194-mediated cell growth inhibition. Of considerable interest, miR-211 promotes cell growth, and, at the same time, it represses loc285194 expression, thus forming a reciprocal repression feedback loop, which may function as a part of 'competitive endogenous RNA' network ([@gkt182-B19]).

MATERIALS AND METHODS
=====================

Reagents, cell culture, western blot and transfection were described in [Supplementary Materials](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1).

LncRNA profiling
----------------

To focus on those clinically relevant lncRNAs, we used Human Disease-Related LncRNA Profiler (CAT\# RA920D, System Biosciences (SBI)) consisting of 83 lncRNAs, which were selected from the lncRNA database ([www.lncRNAdb.org](www.lncRNAdb.org)) ([@gkt182-B20]) or RNA database (<http://research.imb.uq.edu.au/rnadb/Default.aspx>). Total RNA was isolated from HCT-116 WT cells treated with doxorubicin (doxo) at 1 µg/ml for 24 h. Reverse transcription was carried out by using RevertAid™ Reverse Transcriptase (Fermentas) and random primer mix (New England BioLabs). The values for the cells without doxo treatment after normalization by the internal controls served as a basal level of expression of loc285194; delta-delta Ct values (no doxo versus doxo) were used to determine their relative expression as fold changes, as previously described ([@gkt182-B21]).

Plasmid construction
--------------------

All PCR primers for cloning were listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1) and PCR reactions for cloning purpose used Phusion enzyme (New England BioLabs). Cloning of loc285194 was described in [Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1) legend. The same strategy was used to generate other constructs in this study, otherwise stated. To clone miR-211, we first amplified ∼500 bp sequence containing the miR-211 precursor from human genomic DNA by PCR using primers hsa-miR-211-5.1 and hsa-miR-211-3.1 and then cloned it into pCDH-CMV-EF1-copGFP vector (CAT\#CD511B-1, SBI). The cloning of loc285194 putative promoter used human genomic DNA as a template and PCR primers Loc285194p-Xho1-5.1 and Loc285194p-Xho1-3.1, and the product was then cloned into pGL3-basic (Promega) at Xho1 site. To generate loc285194 promoter constructs carrying deletions or mutations, two-step PCR procedure was used as described previously ([@gkt182-B22]). All PCR products were verified by DNA sequencing.

Luciferase assay
----------------

Luciferase assays were performed using a luciferase assay kit (Promega) according to the manufacturer's protocol, as previously described ([@gkt182-B21]). Briefly, cells were first transfected with appropriate plasmids in 12-well plates. Then, the cells were harvested and lysed for luciferase assay 24 h after transfection. β-galactosidase or renilla luciferase was used for normalization.

Quantitative RT-PCR
-------------------

To detect loc285194 expression, we used the SYBR Green method with primers listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1). β-actin was used as an internal control. To detect mature miR-211 expression, and to perform microRNA profiling to determine which microRNAs interact with loc285194, we used the poly A polymerase-based SYBR Green method (QuantMiR kit from SBI). U6 RNA was used as an internal control. In both cases, delta-delta Ct values were used to determine their relative expression as fold changes, as previously described ([@gkt182-B21]). To detect pri- and pre-miR-211 expression, we used a standard RT-PCR procedure with primers pri-miR-211-RT-5.1 and pri-miR-211-RT-3.1, and pre-miR-211-RT-5.1 and pre-miR-211-RT-3.1, respectively. Sequences of these primers were listed in [Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1).

Cell proliferation assay
------------------------

Cells were first transfected with vector or loc285194; negative siRNA or loc285194 siRNA overnight and then split into 12-well plates. Cell growth assays were performed using the trypan blue method in Vi-Cell (Beckman Coulter) over 4 days of incubation.

Chromatin immunoprecipitation
-----------------------------

Chromatin immunoprecipitation (ChIP) assays were performed using a commercial kit from Cell Signaling. Briefly, cells were first fixed with 1% formaldehyde, and chromatin DNA was isolated and bound protein was digested with proteinase K. PCR was performed using primers Loc285194-ChIP-p53-5.2 and Loc285194-ChIP-p53-3.1. Immunoglobulin G and non-specific antibody (anti-SUMO) were used as negative controls. The p53 binding site at the p21 promoter was used as a positive control.

RNA precipitation
-----------------

To determine whether loc285194 is associated with the RNA-induced silencing complex (RISC) complex, we performed RNA precipitation assay using synthesized biotin-labeled loc285194 as a probe and then detected Ago 2 from the pellet by western or detected miR-211 by quantitative RT-PCR (qRT-PCR). In brief, the DNA fragment covering loc285194 exon 4 was PCR-amplified using a T7 containing primer and then cloned into pCR8 (Invitrogen). In addition, another lncRNA, GAS5 ([@gkt182-B23]), was also cloned and used in precipitation experiments for comparison. The resultant plasmid DNA was linearized with restriction enzyme Not I, which was introduced from the reverse PCR primer, and then used to synthesize RNA by T7 polymerase. A 20 µl reaction contained 400 ng linearized plasmid DNA, 20 U ribonuclease inhibitor, 2.5 mM NTP mixture supplemented with 10% biotin labeled UTP (Perkin Elmer) and 20 U T7 RNA polymerase (New England BioLabs); and then it was incubated at 37°C for 60 min, followed by 25 U RNase-free DNase I (New England BioLabs) at 37°C for 30 min. The labeled RNA was purified by a column-based kit (Zymo Research). Cellular extract was prepared from a 10 cm dish culture (∼80% confluence) with cell lysis buffer ([@gkt182-B24]). For precipitation assays, the reaction (RNA probe and cellular extract) was incubated at 4°C for 60 min, followed by five washes with phosphate buffered saline. The pellets were used either for extraction of RNA for RT-PCR or for western blot according to standard procedures.

*In situ* hybridization
-----------------------

*In situ* hybridization (ISH) was used to detect loc285194 in clinical specimen and cancer cell lines after doxo treatment based on a previously described method ([@gkt182-B25]) with some modifications. In brief, a biotin labeled antisense LNA probe was derived from exon 4 of loc285194 ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)); a sense probe was used as a negative control. Prehybridization and hybridization were carried out at 67°C for 30 min and 4 h, respectively. The relative signal was assessed based on the intensity as 0 (negative), like no probe control or negative control; + (weak positive) and ++ (strong positive). To detect loc285194 induction by p53 in cell culture, we seeded HCT-116 WT cells on coverslips overnight and then treated HCT-116 WT cells with 1 µg/ml of doxo for 24 h before fixing the cells with 2% formaldehyde for 15 min at room temperature.

Xenograft model
---------------

Animal work to determine the role of loc285194 on tumor growth was performed according to the procedures as previously described ([@gkt182-B22]). All animal studies were conducted in accordance with NIH animal use guidelines and a protocol approved by SIU Animal Care Committee. In brief, HCT-116 WT cells were first transfected with vector alone or loc285194 expression vector overnight. The cells were then split into new dishes and were harvested at the exponential growing stage when they reached ∼70% confluence. About 1.5 million cells in 50% matrigel were injected subcutaneously into the flanks, one injection per mouse. Tumor growth was monitored, and tumor size was measured every other day. Tumor volume was calculated using the formula, volume*= 1/2(*length*×*width*^2^).*

Statistical analysis
--------------------

Statistical analysis of data was performed using the Student's *t* test. Differences with *P-*values \<0.05 are considered significant.

RESULTS
=======

Induction of loc285194 by p53
-----------------------------

Although there are overwhelming numbers of non-coding RNAs that can be transcribed from the human and mouse genome ([@gkt182-B26],[@gkt182-B27]), a relative small number of lncRNAs have been characterized and shown to be associated with human diseases. Therefore, we attempted to focus on those clinically relevant lncRNAs by using a real-time RT-PCR based array (Human Disease Related LncRNA Profiler) consisting of 83 lncRNAs ([Supplementary Figure S1A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)). We validated the lncRNA Profiler in various cell lines; only single product was seen for each set of primers ([Supplementary Figure S1B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)).

As p53 is the well-known tumor suppressor that regulates a variety of cellular functions and disease processes, we simply asked whether any of these lncRNAs is induced by p53. We first treated HCT-116 cells expressing wild-type p53 (HCT-116 WT) with various concentrations of doxorubicin (doxo), a known DNA damaging agent, for 24 h and detected p53 induction in a dose-dependent manner, as expected ([Figure 1](#gkt182-F1){ref-type="fig"}A). Therefore, we then chose doxo at 1 µg/ml for 24 h for profiling experiments and identified 7 lncRNAs with over a 10-fold of induction by p53 from the preliminary profiling ([Supplementary Figure S2](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)). We were particularly interested in loc285194 because a previous report suggests its potential tumor suppressive role in osteosarcoma ([@gkt182-B18]). To further confirm the specific effect of p53 on loc285194 expression, we treated HCT-116 p53 null (HCT-116 null) cells at the same concentration of doxo. Although doxo also induced loc285294 in HCT-116 null cells, the level of induction was much lower than that in HCT-116-WT cells ([Figure 1](#gkt182-F1){ref-type="fig"}B). Next, we examined loc285294 expression using a different set of primers derived from a different region of loc285194 ([Figure 1](#gkt182-F1){ref-type="fig"}C), further confirming this p53-mediated induction. In addition, such induction was also detected in other cell lines expressing wild-type p53, i.e. MCF-7, HCT-8 and A549 ([Figure 1](#gkt182-F1){ref-type="fig"}C) with ∼8-, 5- and 7-fold, respectively. Moreover, we performed *in situ* hybridization to detect the level of loc285194 in the cells after doxo treatment. We observed a substantial increase of loc285194 in the doxo-treated cells compared with no doxo control ([Figure 1](#gkt182-F1){ref-type="fig"}D). Of note, we found that a majority signal came from the cytoplasm. As doxo may also induce other cellular responses independent of p53, leading to gene expression, we ectopically expressed p53 to determine whether this loc285194 induction is specific to p53. As shown in [Figure 1](#gkt182-F1){ref-type="fig"}E, we detected over a 3-fold increase in the loc285194 level, similar to the induction of a known p53-regulated gene, miR-145 ([@gkt182-B22]) ([Figure 1](#gkt182-F1){ref-type="fig"}E, right). Of considerable interest, p53 with a point mutation (R175H) at the DNA-binding domain, a frequent mutant in cancer ([@gkt182-B28]), had no effect on loc285194 expression, suggesting that loc285194 is specifically induced by wild-type p53. Therefore, loc285194 was selected for further characterization of the p53-mediated induction and its role in tumorigenesis. Figure 1.Identification of loc285194 as a p53-induced lncRNA. (**A**) Detection of p53 induction in response to doxo by western blot. (**B**) Effect of doxo on loc285154 expression in HCT-116-WT and HCT-116 null cells. The cells were treated with doxo at 1 µg/ml for 24 h before extraction of total RNA for qRT-PCR. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; n.s., not significant. (**C**) Induction of loc285194 in HCT-116, MCF-7, HCT-8 and A549 cells in response to doxo. The cells were treated the same way as in (B). Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05. (**D**) Induction of loc285194 in doxo-treated cells as detected by ISH. (**E**) Induction of loc285194 by ectopically expressed p53. HCT-116 WT cells were first transfected with vector or wild-type p53 or mutant p53 (R175H) overnight; their expression was confirmed by western blot (top panel). After changing medium, the cells were allowed to further grow for 24 h before extraction of total RNA (bottom panel). Error bars represent SEM, *n* = 3. \**P* \< 0.05.

p53 directly interacts with the p53 response element in the upstream region of loc285194
----------------------------------------------------------------------------------------

p53 is also a well-known transcription factor. To determine whether p53 transcriptionally regulates loc285194, we used the p53 scan program ([@gkt182-B29]) to analyze the upstream region of loc285194 and identified a putative p53 response element (p53RE) at ∼1500 upstream of loc285194 ([Figure 2](#gkt182-F2){ref-type="fig"}A). Thus, we cloned this 2-kb fragment into pGL3 basic (Promega). Luciferase assays indicated that p53 induced the promoter activity by over a 2.5-fold ([Figure 2](#gkt182-F2){ref-type="fig"}B), which was comparable with the induction of the miR-145 promoter ([@gkt182-B22]). Consistent with the induction of loc285194 at the RNA level ([Figure 1](#gkt182-F1){ref-type="fig"}E), we found that mutant p53 had no effect on the promoter activity ([Figure 2](#gkt182-F2){ref-type="fig"}B). To further determine the function of this p53RE, we made two deletions involving p53RE ([Figure 2](#gkt182-F2){ref-type="fig"}C) and demonstrated that these deletions caused a significant reduction of the activity compared with the full-length (2 kb) promoter construct ([Figure 2](#gkt182-F2){ref-type="fig"}D). For example, the luciferase activity for deletions involving p53RE was \<40% of the full length promoter. Furthermore, site-directed mutagenesis involving the conserved C and G of p53RE ([Figure 2](#gkt182-F2){ref-type="fig"}A) also yielded \<40% of luciferase activity ([Figure 2](#gkt182-F2){ref-type="fig"}D). Finally, we showed that p53 directly interacted with p53RE by ChIP assays ([Figure 2](#gkt182-F2){ref-type="fig"}E). Together, these results suggest that p53 interacts with the p53RE in the loc285194 promoter to induce its transcription. Figure 2.p53 induces loc285194 by direct interacting with loc285194 promoter. (**A**) Schematic description of loc285194 promoter with a potential p53 response element (p53RE). Also shown are sequences for mutant p53RE and p53RE consensus. Relative position of primers used for ChIP assay (E) was indicated by arrows. (**B**) Induction of loc285194 promoter activity by wild-type p53, but not mutant p53. HCT-116 WT cells were transfected with loc285194 luciferase reporter (loc-p-FL) along with vector, wild-type p53 or mutant p53 (R175H). The cells were harvested for luciferase assays 24 h after transfection. The miR-145 promoter reporter served as a positive control. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01. (**C**) Deletion analysis of the promoter activity to determine the role of the potential p53RE in p53 regulation of loc285194. Loc-p-FL is a full-length promoter; Loc-p-d1 and Loc-p-d2 carry a deletion involving p53RE; Loc-p-m is a mutant at p53RE, as indicated in [Figure 2](#gkt182-F2){ref-type="fig"}A. (**D**) Relative luciferase activity for corresponding constructs in [Figure 2](#gkt182-F2){ref-type="fig"}C. Luciferase assay was conducted as in [Figure 2](#gkt182-F2){ref-type="fig"}B. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05. (**E**) Confirmation of p53 binding to p53RE in loc285194 promoter as detected by ChIP assay. Control primers Loc285194-ChIP-Ctrl-5.1 and Loc285194-ChIP-Ctrl-5.1 were derived from outside of p53RE. Immunoglobulin G and SUMO antibody were used as negative controls; p21 served as a positive control.

Loc285194 inhibits tumor cell growth
------------------------------------

It is known that p53 can induce a large number of genes including tumor suppressors such as p21. To evaluate the biological consequence of p53 induction of loc285194 and the role of loc285194 in tumorigenesis, we ectopically expressed loc285194 in HCT-116 WT and MCF-7 cells ([Supplementary Figure S3](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1) and [S4A](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)) for cell proliferation assays. As expected, loc285194 significantly inhibited tumor cell growth ([Figure 3](#gkt182-F3){ref-type="fig"}A). This loc285194-mediated cell growth inhibition was also seen in MCF-7 cells ([Figure 3](#gkt182-F3){ref-type="fig"}B). Loc285194 consists of 4 exons with a total length of ∼2.1 kb. Thus, we made various deletion constructs to define which region of loc285194 is responsible for cell growth inhibition ([Figure 3](#gkt182-F3){ref-type="fig"}C). This deletion analysis identified the active region within exon 4 and the C-terminal 600 bp fragment of exon 4 (E4-d) was still able to suppress cell growth ([Figure 3](#gkt182-F3){ref-type="fig"}D). To further determine the role of loc285194 in cell growth inhibition, we suppressed loc285194 by RNAi ([Supplementary Figure S4B](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)), and both loc285194 siRNA-1 ([@gkt182-B18]) and siRNA-2 ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)) significantly suppressed the endogenous loc285194. At the same time, loc-siRNA increased cell growth in HCT-116-WT cells ([Figure 3](#gkt182-F3){ref-type="fig"}E) as well as in HCT-116 null cells ([Figure 3](#gkt182-F3){ref-type="fig"}F), suggesting that loc285194 may target genes involved in cell growth and proliferation. Figure 3.Loc285194 inhibits tumor cell growth *in vitro*. (**A**) Inhibition of cell growth by loc285194 in HCT-116 WT cells. The cells were first transfected with vector or loc285194 overnight and then split into 12-well plates. Cell number was counted from day 1 to day 5 by trypan blue method. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01. (**B**) Inhibition of cell growth by loc285194 in MCF-7 cells. The experiment was conducted the same way as in [Figure 3](#gkt182-F3){ref-type="fig"}A. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05. (**C**) Identification of the minimal region of loc285194 capable of inhibiting cell growth. Deletion constructs were made by PCR using primers ([Supplementary Table S1](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)) and then cloned into pCDH-MSCV-EF1-GFP-T2A-Puro. The length of each of 4 exons for loc285194 is indicated by number of nucleotides above E1∼4. E1∼4 is consisted of all 4 exons; E2∼4 is consisted of exon 2, 3 and 4; E1∼3 is consisted of exon 1, 2 and 3; E4 carries exon 4 only; and E4-d carries a deletion of the first 247 nucleotides of exon 4. (**D**) Effect of loc285194 and its deletion constructs corresponding to [Figure 3](#gkt182-F3){ref-type="fig"}C on cell growth. The experiment was conducted in HCT-116 WT cells with the same way as in [Figure3](#gkt182-F3){ref-type="fig"} A. Error bars represent SEM, *n* = 3. \**P* \< 0.05. (**E**) and (**F**) Suppression of loc285197 by RNAi increases cell growth in HCT-116 WT (E) and HCT-116 null cells (F). Cells were first transfected with control siRNA or loc285192 siRNAs overnight and then split into 12-well plates. The cell number was counted from day 1 as 100% to day 4. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05.

To further determine the tumor suppressive role of loc285194, we injected HCT-116 WT cells transfected with vector or loc285194 into nude mice. Compared with vector control, loc285194 significantly suppressed tumor growth based on tumor growth rate ([Figure 4](#gkt182-F4){ref-type="fig"}A) and final tumor weight ([Figure 4](#gkt182-F4){ref-type="fig"}B and C). For example, loc285294 caused \>50% reduction of tumor weight compared with vector control. Therefore, loc285194 suppresses tumor cell growth not only *in vitro* but also *in vivo*, further suggesting that loc285194 is a p53 downstream effector, functioning as a tumor suppressor. Figure 4.Loc285194 inhibits tumor growth in a xenograft mouse model. (**A**) Tumor growth curve. HCT-116 WT cells were transfected with vector or loc285194 and then injected into nude mice as described in 'Materials and Methods' section. Tumor growth was measured from day 7 after injection of tumor cells. Error bars represent SEM, *n* = 10. \*\**P* \< 0.01. (**B**) Tumor weight when tumors were harvested. Error bars represent SEM, *n* = 10. \**P* \< 0.05. (**C**) Total number of tumors after removal from mice.

Reciprocal repression of miR-211 and loc285194
----------------------------------------------

The importance of lncRNAs in human diseases may have to do with their ability to regulate gene expression. Moreover, a major feature for lncRNAs is their ability to interact with either protein, DNA or RNA to exert their functions. For example, lncRNAs may exert their functions through interaction with regulatory proteins such as those chromatin remodeling proteins ([@gkt182-B30]). In this regard, several lncRNAs have been shown to interact with Polycomb Repressive Complex 2 components such as Ezh2 ([@gkt182-B12]). However, our RNA immunoprecipitation with specific Ezh2 antibody found no evidence of such interactions.

Therefore, we searched for potential interactions with microRNAs because emerging evidence suggests that non-coding RNAs may participate in 'competitive endogenous RNAs' regulatory network ([@gkt182-B19]). For example, there is a negative correlation between miR-155 and the ncRNA UC34A ([@gkt182-B31]). Moreover, a muscle-specific lncRNA, linc-MD1, may act as a 'sponges' for miR-133 ([@gkt182-B16]). Using microRNA.org-target program ([www.microRNA.org](www.microRNA.org)), we found that 32 microRNAs formed complementary base paring with loc285194, and their relative positions were listed in [Supplementary Figure S5](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1). To determine whether any of them is truly regulated by loc285194, we profiled expression of these 32 microRNAs in HCT-116 WT transfected with vector or loc285194. The initial profiling identified 3 microRNAs (miR-24, miR-376c and miR-211) were reduced to \<25% of the control by loc285194 ([Supplementary Figure S6](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)). As there were two miR-211 binding sites in exon 4 of loc285194 ([Figure 5](#gkt182-F5){ref-type="fig"}A), we deleted these two sites (Loc-d), and this construct was no longer able to suppress miR-211 ([Figure 5](#gkt182-F5){ref-type="fig"}B). To determine whether miR-211 is able to negatively regulate loc285194, we also cloned miR-211 and then introduced it into HCT-116 WT cells. As shown in [Figure 5](#gkt182-F5){ref-type="fig"}C, ectopic expression of miR-211 reduced the loc285194 level by almost 60%. Figure 5.Reciprocal negative regulation of miR-211 and loc285194. (**A**) Loc285194 carries two miR-211 binding sites at exon 4. Alignment between them is shown underneath with miR-211 seed sequences underlined. (**B**) Suppression of miR-211 expression by loc285194. HCT-116 cells were first transfected with vector, wild-type loc285194 (Loc-WT) or mutant loc285194 (Loc-d) with a deletion of two miR-211 binding sites, and 24 h after transfection, total RNA was isolated for qRT-PCR. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01. (**C**) Effect of miR-211 on loc285194 expression. HCT-116 WT cells were transfected with vector or miR-211, and total RNA was isolated for qRT-PCR 24 h after transfection. Error bars represent SEM, *n* = 3. \**P* \< 0.05. (**D**) Effect of loc285194 on mature miR-211, pri-miR-211 and pre-miR-211. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; n.s., not significant. (**E**) Pulldown of Ago2 by biotin-labeled loc285194 or GAS5 RNA probe, as detected by western blot. The GAS5 lane was composed from the same gel with the same contrast. (**F**) Detection of miR-211 in the pellet precipitated by the loc285194 probe, but not in the pellet precipitated by the GAS5 probe. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01.

To dissect the underlying mechanism of this negative regulation of miR-211 by loc285194, we examined the effect of ectopic expression of loc285194 on the level of mature miR-211, pri-miR-211 and pre-miR-211. As shown in [Figure 5](#gkt182-F5){ref-type="fig"}D, although loc285194 caused a reduction of mature miR-211, it had no effect on pri-miR-211 or pre-miR-211, suggesting a possible post-transcriptional regulation involved. It is well known that microRNAs exert their silencing functions through the RISC, and potential microRNA targets can be isolated from this complex after Ago2 co-immunoprecipitation ([@gkt182-B32]) because Ago2 is a key component of RISC complex required for siRNA or microRNA-mediated gene silencing. However, confirmation of miR-211 and loc285194 in the RISC complex does not exclude the possibility that miR-211 and loc285194 may be in separate RISC complexes. Therefore, to determine whether both loc285194 and miR-211 are in the same RISC complex, we performed RNA precipitation experiments using loc285194 RNA probe and then detected Ago2 and miR-211 simultaneously. We first synthesized a biotin-labeled loc285194 RNA probe by T7 polymerase and then mixed with cellular extract. After pulldown with streptavidin beads, RNA or protein that interacts with the probe is expected to be co-precipitated with the biotin-labeled probe. Indeed, we detected Ago2 ([Figure 5](#gkt182-F5){ref-type="fig"}E), a key component of RISC complex, which is known to be required for siRNA or microRNA-mediated gene silencing. Importantly, we detected miR-211 in the same pellet ([Figure 5](#gkt182-F5){ref-type="fig"}F). We used this approach instead of immunoprecipitation with Ago2 antibody to pulldown the RISC complex so that we would be able to reduce the possibility that loc285104 and miR-211 are in separate RISC complex. To determine the specificity of this interaction, we also made a probe from another lncRNA, GAS5, which was investigated in our laboratory for a different project, as a control. Although lncRNA GAS5 probe also precipitated Ago2, there was no significant amount of miR-211 in this pellet ([Figure 5](#gkt182-F5){ref-type="fig"}F). Together, these results suggest that both loc285194 and miR-211 are associated with the RISC complex through which loc285194 is able to reduce the miR-211 level and vice versa. It also implies that loc285194 and miR-211 may regulate each other in a way similar to the microRNA-mediated silencing of protein-coding genes.

The role of miR-211 in cancer appears to be cell-type specific. In melanoma, miR-211 was reported to function as a tumor suppressor ([@gkt182-B33]). However, in other types of cancers such as colon and oral cancers, miR-211 may function as an oncogene ([@gkt182-B34],[@gkt182-B35]) because ectopic expression of miR-211 promotes cell growth. Therefore, we asked whether ectopic expression of miR-211 ([Supplementary Figure S7](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)) promotes cell growth in colon cancer HCT-116 cells. As expected, miR-211 significantly increased cell growth in HCT-116 WT cells ([Figure 6](#gkt182-F6){ref-type="fig"}A). This miR-211-promoted cell growth was also seen in breast cancer MCF-7 cells ([Figure 6](#gkt182-F6){ref-type="fig"}B), suggesting that loc285194 inhibits tumor cell growth in part through negative regulation of miR-211. Figure 6.miR-211 promotes cell growth in HCT-116 WT (**A**) and MCF-7 cells (**B**). Cells were transfected with vector or miR-211 overnight, and then split into 12-well plates. Cell number was countered from day 1 (as 100%) to day 4. Error bars represent SEM, *n* = 3. \*\**P* \< 0.01; \**P* \< 0.05.

Loc285194 is downregulated in colon tumors
------------------------------------------

In light of these findings, we then determined whether loc285194 is dysregulated in clinical specimens. We used Colon Cancer cDNA Array IV from OriGene, which contained cDNAs derived from 8 normal and 40 colon tumor specimens. The quantitative PCR analysis revealed that loc285194 was undetectable in 2 of the 40 tumor samples, which could be due to deletion of the locus. For the rest 38 tumor samples, each of them expressed loc285194 at a level lower than the average level of normal specimens, with the average expression level of 0.18 compared with normal tissue as 1 ([Figure 7](#gkt182-F7){ref-type="fig"}A). Figure 7.Loc285194 is downregulated in colon cancer specimens. (**A**) Detection of loc285194 in TissueScan arrays by quantitative PCR. To calculate relative expression of loc285194, we took the average value of eight normal tissue samples as one and then compared each value of tumor specimens to the average value of normal tissue. Among 40 tumor samples, we only detected loc285194 expression in 38 samples; the other two were undetectable, which could be also counted as downregulation, but were not included here. (**B**) and (**C**) Detection of loc285194 in colon cancer tissue microarrays by ISH as described in 'Materials and Methods' section. (B) Representative pictures showing signal intensity scale: '0' = negative; ' +' = weak positive; '++' = strong positive. (C) Loc285194 is downregulated in tumors compared with normal tissue.

We also determined the expression of loc285194 in colon cancer tissue microarrays by *in situ* hybridization. Consistent with qRT-PCR results, loc285194 was also downregulated in tumor specimens compared with normal specimens ([Figure 7](#gkt182-F7){ref-type="fig"}B and C). For example, all of normal tissue expressed a certain level of loc285194. However, no signal was detected in 31 of 79 tumor specimens ([Figure 7](#gkt182-F7){ref-type="fig"}C), similar to negative controls ([Supplementary Figure S8](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt182/-/DC1)). These results may imply that loc285194 may serve as a diagnostic marker for colon cancer.

DISCUSSION
==========

As a newly discovered class of non-coding genes, lncRNAs have been recently found to be pervasively transcribed in the genome. Alterations in the primary structure, secondary structure and expression levels of lncRNAs as well as their cognate RNA-binding proteins are often associated with human diseases, in particular cancer ([@gkt182-B36]). We present evidence that loc285194 is a direct target for p53 and functions as a tumor suppressor in part through negative regulation of miR-211. These results provide further supporting evidence that there exists a competitive endogenous RNA regulatory network ([@gkt182-B19]) where loc285194 and miR-211 negatively regulate each other.

We show that loc285194 inhibits tumor cell growth both *in vitro* and *in vivo*. In contrast, suppression of loc285194 by RNAi promotes tumor cell growth. Furthermore, loc285194 is downregulated in colon tumor specimens ([Figure 7](#gkt182-F7){ref-type="fig"}). This is consistent with the finding that focal osteo3q13.31 CNAs and loss of heterozygosity are also common in cell lines from other cancers ([@gkt182-B18]). Although CNAs may account in part for the downregulation of loc285194, our study indicates that other factors such as p53 status may also contribute to this downregulation because p53 mutation or deletion could account for up to 50% cancer cases.

Although lncRNAs impact cellular functions through various mechanisms, such as interactions with chromatin remodeling proteins ([@gkt182-B17],[@gkt182-B30]), they are able to regulate other non-coding RNAs, in particular microRNAs. In support of this notion, we show that this loc285194-mediated suppression of cell growth is at least in part through suppression of miR-211. Ectopic expression of loc285194 reduces the miR-211 level and the miR-211-binding sites are critical for this loc285194-mediated repression. In contrast, ectopic expression of miR-211 can also suppress the loc285194 level, thus, forming a reciprocal repression feedback loop. In this regard, loc285194 may function as the endogenous sponge, similar to what has been reported for ncRNA UC34A ([@gkt182-B31]), HULC ([@gkt182-B37]) and linc-MD1 ([@gkt182-B16]). For example, HULC is highly upregulated in liver cancer ([@gkt182-B38]) and plays an important role in tumorigenesis. In particular, HULC can downregulate miR-372 through its interaction with miR-372 ([@gkt182-B37]). In this scenario, microRNA response elements may serve as letters of a new language ([@gkt182-B19]) through which microRNAs may regulate not only protein-coding genes but also non-coding genes. For example, three recent articles provide further evidence of competitive endogenous RNAs involving the tumor suppressor PTEN ([@gkt182-B39; @gkt182-B40; @gkt182-B41]). In another case, a viral non-coding RNA is able to repress a host microRNA ([@gkt182-B42]). Our study further suggests that this reciprocal repression of loc285194 and miR-211 is likely through the pathway involving RISC complex.

The function of miR-211 seems to be dependent on the cellular content. For example, miR-211 is downregulated in melanoma cells and melanoblasts compared with melanocytes ([@gkt182-B43],[@gkt182-B44]). This may be related to the fact that miR-211 is a pigment-cell-enriched miRNA because miR-211 and TRPM1 (melastatin) are under control of the microphthalmia-associated transcription factor, which is frequently downregulated in melanoma. Ectopic expression of miR-211 suppresses migration and invasion of malignant and highly invasive human melanomas ([@gkt182-B33]), thus functioning as a tumor suppressor. On the other hand, miR-211 was shown to promote tumorigenesis in colon and oral cancer ([@gkt182-B34], [@gkt182-B35]). For example, miR-211 enhances the proliferation, migration and anchorage-independent colony formation of oral carcinoma cells ([@gkt182-B35]). In colon cancer, a recent report indicated that miR-211 promotes cell proliferation, tumor growth and cell migration of HCT-116 cells. In particular, chromodomain-helicase-DNA-binding protein 5 (CHD5) was shown to be a direct target for miR-211 ([@gkt182-B34]). Given that CHD5 is often downregulated and miR-211 is upregulated in colon cancer, this negative correlation highlights the importance of miR-211 in colon tumorigenesis. Our finding provides another possible mechanism by which miR-211 promotes tumor cell growth.

As a master regulator for gene expression, p53 is able to directly or indirectly regulate numerous protein-coding genes and non-coding genes, especially microRNAs. For example, several groups have reported that the miR-34 family, including miR-34a, miR-34b and miR-34c, are induced by DNA damage and oncogenic stress in a p53-dependent manner ([@gkt182-B45; @gkt182-B46; @gkt182-B47]). Similarly, we have shown that miR-145 is an important microRNA that is induced by p53 ([@gkt182-B22]). The present study suggests that lncRNAs can also be subject to p53 regulation. For example, our initial profiling identified that a number of lncRNAs, in addition to loc285194, might be induced by p53. Thus, further characterization of those potential lncRNAs would strengthen the notion that, like protein-coding genes, lncRNAs are also a component of the p53-regulatory network. Apparently, at least two important lncRNAs, mouse lincRNA-p21 and human PANDA, have been shown to be p53 transcription targets ([@gkt182-B8],[@gkt182-B48]), involved in the p53-mediated cellular processes. Therefore, the identification of loc285194 as a p53 inducible lncRNA expands the repertoire of p53-regulated genes.
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